For t h e purpose of evaluating geothermal r e s e r v o i r s , t h e static formation temperature -should be e s t a b l i s h e d as a c c u r a t e l y as possible. A knowledge of the t r u e , s t a t i c formation temperature i s required i n estimating t h e h e a t content of geothermal r e s e r v o i r s . The i n t e r p r e t a t i o n of e l e c t r i c logs r e q u i r e s accurate formation resistivities, which are dependent on temperature. Reliable s t a t i c temperature i s important i n designing completion programs and e s t a b l i s h -
INTRODUCTION
For t h e purpose of evaluating geothermal r e s e r v o i r s , t h e static formation temperature -should be e s t a b l i s h e d as a c c u r a t e l y as possible. A knowledge of the t r u e , s t a t i c formation temperature i s required i n estimating t h e h e a t content of geothermal r e s e r v o i r s . The i n t e r p r e t a t i o n of e l e c t r i c logs r e q u i r e s accurate formation resistivities, which are dependent on temperature. Reliable s t a t i c temperature i s important i n designing completion programs and e s t a b l i s hi n g geothermal gradients.
Unfortunately, t h e temperatures recorded during logging' operations are u s u a l l y lower than t h e s t a t i c temperature. t o t h e cooling e f f e c t of t h e mud during c i r c u l a t i o n . s t o p s , t h e temperature around t h e wellbore begins t o b u i l d up.
p e r a t u r e recovery i n a new w e l l may t a k e anywhere from a few hours t o a few months, depending on t h e f o p a t i o n and w e l l characteristics and t h e mud circ u l a t i n g time.
s i z a b l e increases i n d r i l l i n g c o s t s ; hence a quick and easy method is needed f o r c a l c u l a t i n g s t a t i c temperature using e a r l y shut-in d a t a , Following t h e p r a c t i c e of p r e s s u r e buildup analysis f o r w e l l s , t h e common p r a c t i c e i n t h e goethermal i n d u s t r y i s t o use Horner p l o t s f o r estimating s t a t i c r e s e r v o i r temperature from temperature buildup data. In t h i s method, t h e buildup temperature is p l s t t e d a g a i n s t t h e logarithm of dimensionless Horner time, (t + At)/At,where t i s the c i r c u l a t i o n time before shut-in and A t is t h e build& t i m e , e dataPpoints are then f i t t e d t o a s t r a i g h t l i n e , which is extrapolated t f i n i t e A t , i.e., a dimensionless Horner t i m e of unity. The extrapolated temper re corresponding t o t h i s p o i n t is taken as t h e true r e s e r v o i r temperature, is method i s based on t h e " l i n e source solution" t o t h e d i f f u s i v i t y eq on describing t h e r a d i a l conductive h e a t These low temperatures r e s u l t due
Complete tem-
As soon as c i r c u l a t i o n
A long w a i t f o r complete temperature recovery would cause n f i n i t e system with a v e r t i c a l l i n e s i n k withdrawing h e a t a t a Unfortunately, as w i l l b e shown later, t h i s conventional Horner p l o t approach y i e l d s values of apparent s t a t i c temperature t h a t are lower than t h e true r e s e r v o i r temperature. an improved approach so t h a t t h e estimated static temperature w i l l be c l o s e r t o t h e t r u e r e s e r v o i r temperature than i s p o s s i b l e from t h e conventional Horner plot.
The g o a l of t h i s i n v e s t i g a t i o n was t o develop . _ Heat flow is due t o conduction only.
Thermal properties of t h e formation do not vary with temperature. The formation can be t r e a t e d as though i t i s r a d i a l l y i n f i n i t e and homogeneous with regard t o h e a t flow. No v e r t i c a l heat flow i n t h e formation.
---
The presence of a mud cake i s disregarded. The temperature a t t h e formation f a c e is instantaneously dropped t o some value and i s maintained a t t h i s value througho u t c i r c u l a t i o n .
After mud c i r c u l a t i o n ceases, t h e cumulative r a d i a l heat flow a t the wellbore is negligible.
A few words should b e mentioned t o j u s t i f y t h e l a s t two assumptions. The assumption 7 implies constant mud temperature which is a l s o taken t o be equal t o t h e temperature a t t h e formation f a f e during c i r c u l a t i o n . To simplify t h e complex problem, Edwardson, e t al. assumed t h a t t h e d i f f e rence between t h e s t a t i c formation temperature and t h e mud temperature remained constant during t h e c i r c u l a t i o n period. This is not s t r i c t l y t r u e since.the mud which rises in the annulus becomes h o t t e r as t h e w e l l i s d r i l l e d deeper. The change i n gud tempeGature in a petroleum w e l l a t any depth fs of t h e order of 1 t o 2 F/ 100 f t . d r i l l e d . e t a l . temperature as being constant and numerically solved t h e equation t h a t desc r i b e s t h e temperature buildug in a w e l l f o r a value of t h e dimensionless producing time t (= K t / c pr ) equal t o 0.4t . f . Figure 1 shgws a t g p i g a l temperature proPile f o r a geothermal w e l l (from Imperial Valley, California) characterized by a f i n i t e linear gradient i n t h e conductive zone above t h e geothermal r e s e r v o i r , and a p r a c t i c a l l y zero gradient due t o convection within t h e reservoir. Hence, t h e mud temperature w i l l increase r a p i d l y as t h e w e l l is d r i l l e d deeper i n t h e region above where t h e sharper break occurs i n t h e geothermal gradient.
zone below t h e break point t h e mud temperature remains r e l a t i v e l y constant as t h e depth of t h e w e l l is increased. Tlius, t h e mud temperature w i l l not increase but w i l l s t a y r e l a t i v e l y constant as d r i l l i n g proceeds through the geothermal reservoir.
After s i r c u l a t i o n ends, h e a t w i l l s t i l l b e flowing i n t o t h e wellbore. Raymond s t a t e d t h a t t h e amount
of f l u i d i n t h e wellbore i s extremely small compared with t h e volume of formation whose temperature has been a f f e c t e d by c i r c u l a t i o n . Hence, t h e .
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However, Edwardson, considered t h i s change slow enough t o allow them t o take t h e mud D W
In t h e
Now l e t u s look a t t h e assumption 8.
* .
conduction of hea i n t o t h e wellbore can b e neglected. An a n a l y s i s of t h e 5 system by Raymond negligible. i n and out of t h e hole has no e f f e c t on t h e temperature buildup.
around a w e l l a s a function of r a d i a l d i s t a n c e and time is given by t h e a l s o shows t h a t f r e e convection within t h e wellbore is
It is assumed t h a t t h e running of logging t o o l s repeatedly
With t h e s e assumptions t h e t r a n s i e n t temperature i n t h e formation It can be seen from Fig. 3 t h a t i f a Horner-type a n a l y s i s is used w i t h e a r l y shut-in d a t a , t h e temperature e x t r a p o l a t e d f o r a dimens i o n l e s s Horner t i m e equal t o one w i l l always y i e l d valEes of s t a t i c temp e r a t u r e lower than they a c t u a l l y are. t o p o i n t t h i s o u t i n t h e l i t e r a t u r e . By looking a t Figure 5 i t can b e seen t h a t using v e r y long shut-in d a t a w i l l y i e l d t h e proper s t a t i c temperature.
A long shut-in t'ipe required t o o b t a i n such d a t a ties up expensive r i g t i m e .
It is widely b e l i e v e d t h a t s t r a i g h t l i n e s can be drawn through-the d a t a when u s i n g t h e conventional Horner technique. p l o t s are u s u a l l y taken over a s h o r t period of shut-in t i m e . of c a l c u l a t i n g s t a t i c formation temperature from s h o r t t i m e shut-in d a t a has been approached i n t h i s r e p o r t i n t h e following manner.
( Fig. 2) is a f u n c t i o n of both dimensionless producing ( i n t h i s and dimensioncase, producing and c i r c u l a t i n g are synonymous) t i m e , t D, less Horner time, (t + A t ) / A t .
time, w e can approxigate TDws as being a s t r a i g h t l i n e on semi-log coordinates (see Fig. 3 ). The equation of t h i s l i n e is:
= 10. PD *
Dowdle and Cobb were t h e f i r s t ones The d a t a used i n t h e s e The p r o b l b TDWS
Over s h o r t ranges of d!hnensionless Homer
is defined as: .
PD TDws = T~s pD PD t, 1 where T* (t ) i s t h e i n t e r c e p t Horner time o f u n i t y and b ( t ) is t h e s l o p e o P f h e P f i n e . T&?S corresponds t o a dimensionless temperature drop between t h e t r u e I
% ; i k m p e r a t u r e (T i ) and a f a l s e i n i t i a l temperature (TGs) obtained by e x t r a p o l a t i o n of a conventional Horner l i n e . w e g e t Csmbining Equations (9), (10) and (11) and manipulating the a l g e b r a where and m is the s l o p e of t h e conventional Horner s t r a i g h t l i n e .
shows t h a t t h e term Equation (12) TDB(t D) is t h e dimensionless c o r r e c t i o n f a c t o r f o r PD'
~ temperature buildup a t a d%nensionless time t
were determined by least-square f i t t i n g TDWs curves i n Fig. 2 i n ranges 8f (t + A t ) / A t where i t w a s f e l t t h a t t h e c u m e could be approximated as a s t r a ? g h t l f n e . t o 2, 2 t o 5 , and 5 t o 10. slope, b ( t ) t o g i v e TDB. This procedure w a s car@ei o u t f o r a number of These ranges of (t + A t ) / A t w e r e chosen t o be 1.25
The i n t e r c e p t , Tgs ( t ) 
PD P
The curves n Figure 2 were evaluated using an "average" h e a t flow rate, q. Horner suggested t h a t t h e last e s t a b l i s h e d flow rate q ( t ), and a corrected flow t i m e , t* = Q ( t ) / q ( t 1, should be used i n t h e b r e s s u r e buildup anaysis; Since bothPQ(t ) h d q(g impossible, t o determine €or thePtemperatufe build-up case, an average flow rate-(<) was used so t h a t t h e t r u e producing time, t , could be used i n t h e analysis,-and t h e conventional Horner p l o t ' s assumFtion of constant h e a t flow rate (9) cay b e s a t i s f i e d .
s
t a t e d t h a t using t h e average rate p r i o r t o shut-in was j u s t i f i a b l e i f v a r i a t i o n i n qD is s m a l l f o r O < t <t . Ehlig-Economides a l s o confirmed t h a t t h i s method was c o r r e c t .
of t h e p a r a l l e l problem of pressure buildup is: ' . As is evident from Figure 2 , t h i s equation does n o t match t h e t h e o r e t i c a l buildup curves unless Horner time is less than 1.3.
Hence t h e need f o r t h e c o r r e c t i o n f a c t o r presented i n t h i s paper.
l a r g e changes i n q occur during c i r c u l a t i o n .
u s u a l l y too s h o r t t o a l l o w t h e c o r r e c t semi-log s t r a i g h t l i n e t o develop f o r e a r l y shut i n data. Nonlinearity a l s o occurs i n buildup curves f o r systems produced a t a constant rate when flow t i m e is s h o r t .
As shown before, t h e c o r r e c t i o n f a c t o r , T , used t o multiply t h e slope, m, is a function of t This parameter, t ,Dfs a function of t h e therplal conductivity, R, s p e c f h c h e a t , C , and dengpty, p, of t h e formation as w e l l as t h e wellbore r a d i u s and c i r c u l g t i n g t i m e . These rock p r o p e r t i e s are not always known,especially in exploratory regions. These p r o p e r t i e s can be 13 estimated by examining t h e d r i l l c u t t i n g s and using t h e d a t a from Somerton I n t h e author's opinion, i t i s not c r i t i c a l t o know e x a c t l y what t h e s e thermal p r o p e r t i e s are. A 250 percent e r r o r i n t w i l g create an e r r o r i n t h e calculated i n i t i a l temperature i n t h e range @ .f10 F.
Horner p l o t using shut-in d a t a i n t h e range of (t + A t ) / A t between 5 and 10, is usedowithout c o r r e c t i n g T&, l c u l a t e t f i n a l temperature could be about 30 F t o o low.
The s o l u t i o n presented i n t h i s is based on a conductive model and should not be used t o estimate t h e equilibrium temperature f o r a zone where s i g n i f i c a n t l o s t c i r c u l a t i o n has taken place. a t i o n temperature niay still be estimated i f l o s t c i r c u l a t i o n takes p l a c e a t t h e bottom of t h e hole. f a r enough away from t h e p o i n t where l o s t c i r c u l a t i o n began so t h a t convective h e a t flow i n t o t h e reservoir can be ignored.
. The n o n l i n e a r i t y of t h e curves i n Eased on t h i s study w e recommend t h e following procedure f o r calcul a t i n g i n i t i a l r e s e r v o i r temperature:
1.
2. Deteriiine c i r c u l a t i o n t h e , t .
3.
Choose depth of i n t e r e s t and find t h e t i m e t h e b i t reached this Read shut-in temperature f o r 8epth of i n t e r e s t from temperature log and c a l c u l a t e corresponding shut-in t i m e from d a t a on when logging runs began and ended and t h e logging speed. 4. P l o t T vs. ( t + A t ) / A t on semi-log paper and f i t t h e b e s t s t r a i g h t l i n e txzough thg data extrapolating t h e l i n e t o ( t 5. Determine TZS and m from p l o t of Tws vs. ( t + A t ) B t .
7. Determine rgnge of (t 4-A t ) / A t t h a t t h e shut-in d a t a f a l l s into. Fig. 7 , TGs = 364.5'F and m = 155.1
Since t h e parameters K, C , p, and r w e r e not given with t h e above dala, i t has been assumed t h a t f o r t h e purpose of t h i s example, t h a t K/C prw is equal t o 0,4/hours, which i s a good average number f o r most cOmmO8 lithologies. Then t = 15 hours (0.4/hours) = 6.0. The s t a t i c temperature f o r t h i s depth w a s later determined t o b e 3 7 9 ' F .
Thus, t h e predicted f i n a l temperature w a s within 2 percent of t h e e q u i l ibrium temperature, while conventional Horner a n a l y s i s y i e l d s a value of 364.5'F. The data are plotted in Fig. 8 , from which we get T* = 2 2 5 . 2 ' F and m * 166. 
